INTRODUCTION
During Leg 119 of the Ocean Drilling Program (ODP) two sites (736 and 737) on the northern Kerguelen Plateau, two sites (738 and 744) on the southern Kerguelen Plateau, and two sites (745 and 746) in the Australian-Antarctic Basin were drilled (Barron, Larsen, et al., 1989; Fig. 1) . The Kerguelen Plateau is situated between 46° and 64°S in the southern Indian Ocean and trends northwest-southeast for approximately 2500 km. It is some 500 km wide and rises 2-4 km above the adjacent deep-sea basins. The Kerguelen Plateau is the world's largest submarine plateau and can be subdivided into two distinct domains (Schlich, 1975; Houtz et al., 1977) , the northern Kerguelen Plateau, or Kerguelen-Heard Plateau, located between 46° and 54°S, and the southern Kerguelen Plateau.
For our study of volcanic ash geochemistry, Sites 736 and 737 from the northern Kerguelen Plateau and Sites 745 and 746 from the Australian-Antarctic Basin just east of the southern Kerguelen Plateau were selected. At all of these sites, especially from the northern ones, volcanic ash material was encountered. It either was dispersed within the sediments or occurred as discrete ash layers, and reflects the influence of numerous volcanic eruptions through time. In contrast, Sites 738 and 744 on the southern tip of the plateau did not yield any ash layers or larger amounts of dispersed glass grains.
The purpose of this study was to determine the chemical compositions of the ash layers and with these data discuss the provenance of the volcanic material. Because of the prevailing westerly winds and eastward-flowing ocean surface currents in this region, source areas of tephras distributed by wind, ocean currents, and ice rafting are to be sought to the west of the drill sites. During the stratigraphic interval examined (Oligocene to the present), subaerial volcanic activity in the vicinity of the Barron, J., Larsen, B., et al., 1991. Proc. ODP, Sci. Results, 119: College Station, TX (Ocean Drilling Program) .
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The magmas erupted on the Kerguelen Islands display a wide compositional range (Fig. 2 ) characterized by two main rock series, an older tholeiitic to transitional basalt series that probably formed since Eocene time, which was followed by alkali basalts since Oligocene and a younger trachy-phonolitic series, which started in late Oligocene (Nougier, 1972a (Nougier, , 1972b Watkins et al., 1974; Giret, 1983; Giret and Lameyre, 1983; Nougier et al., 1983; Giret et al., 1987) . The volcanic products of Heard Island belong to both an alkali-basalt and a trachytic series, as on the Kerguelen Islands, and are presumed to have formed at least since late Miocene (Stephenson, 1972; Clarke et al., 1983) . The volcanic rocks of Crozet Island, in contrast, are of one basaltic rock suite showing much less compositional variability (Chevallier et al., 1983; Gunn et al., 1972) .
MATERIAL
For this study of volcanic ash geochemistry a total of 19 discrete ash layers from Holes 736A, 737A, 737B, and 745B were investigated. In addition, 42 dispersed ash concentrations from Holes 737B, 745B, and 746A were studied (Table 1) .
Site 736 (49°24.12'S, 71°39.61'E; 629 m water depth) penetrated to a total depth of 371 m below seafloor (mbsf) The oldest sediments recovered were late early Pliocene (Barron, Larsen, et al., 1989) . Volcanic ash and pumice accumulations are restricted to the uppermost 50 m of Hole 736A and have a Quaternary age. All 12 discrete layers recovered were available for our investigations (Table 1 and Fig. 3 ). The samples from Cores 119-736A-6H and 119-736A-7H, however, possibly may represent downfall material during coring.
We do not discuss here whether the ash and pumice layers are true layers of air-fall ash, were ice-rafted to the site, or represent so-called "disorganized turbidites," as debated for the coarsegrained basaltic debris by the shipboard scientific party (Barron, Larsen, et al., 1989) .
Site 737 is situated about 100 km southeast of Site 736, at 50° 13.67'S, 73°01.97'E, and was drilled in a water depth of 564 m. It penetrated to 715.5 mbsf and recovered, beneath a few centimeters of Quaternary cover, lower Pliocene to middle Eocene sediments which complement the stratigraphic sequence re- Sites 736, 737, 745, and 746 . Sites 738 and 744 were devoid of volcanic ash. Bathymetry (in meters) is from GEBCO (Hayes and Vogel, 1981; Fisher et al., 1982) . The position of the Polar Front is according to Whitworth (1988) , the sea-ice coverage according to Dietrich and Ulrich (1968). covered at Site 736 (Barron, Larsen, et al., 1989) . We described and sampled eight discrete ash layers from lower Pliocene to upper Oligocene sediments in Holes 737A and 737B (Table 1) . The upper and lower Oligocene sediments (Cores 119-737B-13R to 119-737B-27R and 119-737B-33R to 119-737B-38R) are characterized by up to 10% dispersed volcanic glass (Barron, Larsen, et al., 1989) . Therefore, in addition to the discrete ash layers, four samples of dispersed volcanic glass have been analyzed from the lower Oligocene strata (Table 1 and Fig. 3 ).
Site 745 (59°35.71'S, 85°51.60'E; 4308 m water depth; 215 m penetration) and Site 746 (59°32.82'S, 85°51.78'E; 4070 m water depth; 281 m penetration) together recovered a continuous upper Miocene to Quaternary sedimentary sequence (Barron, Larsen, et al., 1989) . Only two discrete ash layers were obtained from Hole 745 B, but glass shards were also recovered from samples, that had been systematically collected (one per core section; Ehrmann et al., this volume) for sedimentological studies (Table 1 and Fig. 3 ).
METHODS
All discrete ash layer samples were dried at 50°C. Carbonate was removed by adding 10% hydrochloric acid. The carbonatefree residue was rinsed with distilled water and dried. The samples were then sieved in order to obtain the grain size fractions. Only the 63-125 µm and 125-250 µm fractions were used for further investigations. From the dispersed ashes the sand-sized fraction (>63 µm) of the carbonate-free and opal-free nonbiogenic material was studied. For convenience AWI laboratory numbers were used instead of full sample designation (Table 1) .
The samples were first described using a petrographic microscope. Special textural phenomena were then documented with the help of a scanning electron microscope (SEM). The glass shards were separated using a heavy liquid and a Frantz Isodynamic magnetic separator, the magnetic field strength of which was varied in order to obtain a concentrated glass fraction and to get information on mineral contents. Polished grain mounts Nougier (1972b) . Compilation of age data from Giret et al. (1987) : age data (in Ma) in squares are related to plutons, those without squares to lava flows.
were prepared for microprobe analyses and petrographic investigations. The geochemical analyses were performed with energy dispersive KEVEX equipment (EDX) attached to an SEM at Freiburg University. To avoid uncontrolled loss of Na 2 O, glass particles were analyzed under a defocused electron beam of 10 by 10 µm size minimum (accelerating voltage 15 kV, beam current approximately 5 nA, counting time 100 s). Matrix corrections and calibration with mineral and glass standards from the Smithsonian Institution (Jarosewich et al., 1980) were made. Selected analyses of standards are given in Table 2 for comparison.
RESULTS
The most important results of our study were obtained from the analyses of the discrete tephra layers from Holes 736A, 737A, and 737B. The ash and pumice layers of Hole 736A are Quaternary. The ash layers recovered from Holes 737A and 737B are early Oligocene to early Pliocene. Quaternary ashes could not be recovered at this site, because sediments of this age were only about 40 cm thick (Barron, Larsen, et al., 1989) . No ash layers were recovered from Sites 738 and 744 on the southern Kerguelen Plateau, nor did the nonbiogenic >63-µm fraction of the samples from these sites contain significant amounts of volcanic glass.
Petrography
Maximum and median grain size of ash layers at Site 736 (mostly > 125 µm) is distinctly coarser than at Sites 737 and 745 (mostly < 125 µm; Fig. 4 ) and thus indicates that Site 736 is closer to the volcanic source, assuming similar modes of eruption and deposition. Content of heavy minerals (as indicated for example by content of ferromagnetics, Fig. 4) shows the same pattern and stresses the proximal position of Site 736. Quaternary tephras at Site 736 show a remarkable rounding of the clasts, thus indicating reworking of ash.
Most of the glass shards investigated are dark to pale brown or colorless, although some samples show bimodal composition with both the types. Glass textures range from dense, poorly vesicular, blocky shards to highly vesicular particles with an elongated, fibrous or platy bubble wall habit (PI. 1.1 to 1.2). The Quaternary tephras consist of fresh glass shards with almost no alteration visible under the SEM. In contrast, the Oligocene ashes from Hole 737B are heavily altered in part, and show etching cavities on the grain surfaces and coating by secondary minerals (PI. 1.3, 1.4). Tiny mineral inclusions, such as Fe-Ti oxides and pyroxenes, are common.
The mineral assemblages within the discrete ash layers (Table  3) are all thought to be phenocrysts (idiomorphic shape, adhering glass, etc.). The compositional difference between the glasses is also reflected in specific mineral assemblages. The Quaternary tephras from Hole 736A, which are composed almost exclusively of trachytes, are characterized by the occurrence of Fe-Ti oxides, aegirine-augite, plagioclase, alkali feldspar, and apatite. The early Pliocene to Miocene tephras from Hole 737A include the same mineralogy as at Hole 736A, commonly with additional contents of hedenbergite, biotite, and augite. The oldest Site 737 tephras, which are of Oligocene age, reveal alkali-basaltic to transitional basaltic composition and lack alkali pyroxenes and alkali feldspars. Plagioclase, augite, and, in two cases, olivine are the only phenocrysts. 
Geochemistry
The mean values of chemical data of about 500 analyses of individual glass shards from the Leg 119 tephra samples are presented in Table 4 . The complete data set is listed in the Appendix.
The geochemistry of the discrete ash layers shows a large variation in most of the major elements, not only between, but also within different layers. Two distinctively different compositional groups can be recognized in the plots of total alkalis vs. silica (TAS diagrams, Fig. 5 ). The first group comprises all Quaternary ashes from Site 736, as well as the Miocene and early Pliocene ashes from Sites 737 and 745. Most of these ashes are of trachytic composition (Le Bas et al., 1986) , three of them showing an additional (alkali-) rhyolitic glass population. Widespread tephras of such composition are indicating strong explosive activity during these time intervals. The second group mainly comprises the Oligocene tephras of Hole 737B and displays a transitional-to alkali-basalt composition. The only other (basalt-andesitic to andesitic) tephra plotting within this group (Fig. 5, sample AWI 77), is from the Quaternary layers of Hole 736A. This ash layer includes a second glass population that is indistinguishable from the other trachytic Quaternary ashes of Hole 736A. Probably the two types of ash are from two discrete contemporaneous eruptive events, which have to be ascribed to different source areas.
The dispersed ashes from Sites 745 and 746 show almost the same geochemical trends as the total of the discrete ash layers from the other holes (Fig. 6) . In Holes 745B and 746A the same compositional variability and the same two major groups (i.e., the transitional basalts to alkali basalts and the trachytic series) occur. However, subdivision into two groups, which is clearly related to age in the case of the discrete ash layers, does not seem to apply to the dispersed tephras. Basaltic shards, occurring almost exclusively in Oligocene sediments at the sites on the northern Kerguelen-Heard Plateau, are distributed throughout the late Miocene to Quaternary sediments of the southern sites. Additionally there is an input of dispersed basanitic ash over the whole time span recovered. Deposition of (alkali-) rhyolitic dispersed ash during late Miocene (AWI 111, 112, 146) Jarosewich et al. (1980) .
<OQcoσ>OT-cMco^•intD

CD to
Grain size (µm)
• >1000 3 500-1000 250-500 M 125-250 1 63-125 <63
Relative field strength of magnetic separator (Ampere)
737
AWI sample number 745 Site correlated with the corresponding discrete tephra layer at Hole 737B (AWI 80), thus indicating strong explosive rhyolitic volcanism at this time. At Site 745, furthermore, "exotic" glass shards of basalt-andesitic to andesitic composition occur during Quaternary to late Pliocene (AWI 113-2/4, 115-3, 117-2, see Table 5 ) similar to the calc-alkaline Quaternary ash of Site 736 (AWI 77). All these tephras represent an island-arc tholeiitic series that is characteristic for the South Sandwich Islands about 6500 km to the west, thus indicating extensive sea-ice rafting as an important trans- Table 3 . Petrographic summary of the ash samples studied. Mineral determination by petrographic microscope and EDXanalysis in part. Table 5 ).
DISCUSSION
Tephras at Sites 736 and 737 may be partly or entirely derived from the volcanoes of the Kerguelen Islands, 70 km and 150 km upwind from the two sites, respectively. Although the ash layers occurring in the sediments of both sites belong to different geologic ages, and therefore cannot be directly compared, the greater distance of Site 737 from the eruption center may be reflected in the smaller grain size of the volcanic material and minor content of heavy minerals (Fig. 4) . Grain size distribution and low mineral content of the two discrete layers at Site 745 (ca. 1000 km downwind from the Kerguelen Islands) emphasize their more distal position.
The geochemical variations of the two ash groups encountered in the sediments of Sites 736, 737, and 745 show that both represent an almost complete compositional suite. When the composition of the analyzed glass shards is plotted together with published analyses of rocks from the Kerguelen Islands (Nougier, 1970 ) on a TAS diagram (Fig. 7) , there is almost complete overlap. This is another indicator that the tephras probably derived from the Kerguelen Islands.
The subdivision of the tephras in an Oligocene basaltic group and a younger trachytic group should also be reflected in the eruptive sequence of the Kerguelen Islands (Fig. 8) , if this is the eruption center. On the Kerguelen Islands, volcanic activity in late Oligocene to early Miocene time is dominated by the eruption of products of transitional-to alkali-basalt composition with subordinated eruptions of evolved magma (Nougier, 1972a; Watkins et al., 1974; Giret, 1983; Giret et al., 1987) . This coincides well with the ash compositions found in the Oligocene section of Hole 737B (AWI 81-2 to 84-2).
The Miocene, Pliocene, and Quaternary tephras of Sites 736, 737, and 745 belong predominantly to the trachytic series. As volcanic rocks displaying trachytic composition have erupted at the Kerguelen Islands during the Miocene to Quaternary time span (Nougier, 1972a (Nougier, , 1972b Watkins et al. 1974; Giret et al., 1987) , we suggest that the Kerguelen Islands also can be regarded as the source of the younger ashes found at these sites.
Other possible sources of the tephras could be Heard Island, about 450 km southeast of the Kerguelen Islands, and Crozet Island in the northwest. Heard Island shows many similarities with Kerguelen in terms of the composition of the magmatic rock series (Stephenson, 1972; Clarke et al., 1983) . According to the position of Heard Island downwind of the Sites 736 and 737, it can be regarded as a source area only for tephras at Sites 745 and 746. The volcanoes of Crozet Island are Quaternary alkali-basalt (Gunn et al., 1972; Chevallier et al., 1983) and therefore cannot be related to the Oligocene basaltic or Quaternary trachytic tephras found.
It is therefore concluded that almost all of the discrete tephra layers studied at these sites were erupted from the Kerguelen Islands. A preliminary and schematic geochronological synopsis, comparing the tephra layers with the rock series of the Kerguelen Islands, is shown in Figure 8 .
The provenance of the dispersed ash material from Sites 745 and 746 is much more difficult to define. These ashes show in Table 4 . Mean values of chemical data from the ash layers studied. For ash layers which contain different populations of glass shards, these are indicated as (A), (B,) and (C), respectively. SiO, Figure 5 . Total alkali vs. silica (TAS) diagram for the discrete tephra layers from Sites 736, 737, 745, and dispersed ash from Site 737. The alkali to tholeiitic basalt separation line is after Macdonald and Katsura (1964) .
total the same two petrographic groups as defined for discrete tephra layers at Sites 736, 737, and 745, that is the basaltic and the trachytic to (alkali-) rhyolitic groups. In contrast to the northern Kerguelen Plateau sites, both groups span the interval from late Miocene to Quaternary virtually without any systematic variation of chemistry with time. The overall chemical similarity with the magmatic rocks from the Kerguelen Islands argues for a provenance from that area, probably as subaerially transported material. Since volcanic activity of Heard Island can be regarded as contemporaneously and very similar in geochemical evolution to the Kerguelen Islands it represents an important source especially for the basaltic and basanitic tephras. On the other hand, the seismic reflection profiles at the sites indicate a remarkable degree of redistribution of sediment by bottom currents. The possible influence of other sources for the tephra, such as volcanic structures on the Kerguelen Plateau now eroded or subsided (e.g., Fröhlich and Wicquart, 1989) has to be considered. Transport of additional tephra to the site of deposition by ice rafting is also possible, since the sites are situated in an area characterized by a high frequency of drifting icebergs (Barron, Larsen, et al., 1989) . Indeed, ice-rafted material has been identified throughout the sedimentary sequence recovered at Sites 745 and 746. However, all of the detrital ice-rafted material is considered to be derived from icebergs originating from the Antarctic continent (Ehrmann et al., this volume) . On the other hand, sea-ice rafting also has been an important transport process for the volcanic ashes, because the sites are situated far south of the mean winter sea-ice edge (Fig. 1) . Examples for such transport are the "exotic" calc-alkaline tephras occurring, for which the South Sandwich island arc as source area is suggested. . Schematic geochronological synopsis of discrete tephra layers from Leg 119 compared with dated rock series from the Kerguelen Islands (age determinations from Nougier, 1972a; Giret et al., 1987) . APPENDIX Major element analyses of all glass samples. Data set is normalized to 100% volatile-free with the exception for chlorine. Values of "0.00" are "below detection limit." Original sums vary in the range between 93% and 98% approximately, depending on volatile content and bubble-free surface measured. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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